Novel genes controlling ventral cord asymmetry and navigation of pioneer axons in C. elegans  by Hutter, Harald et al.
www.elsevier.com/locate/ydbioDevelopmental Biology 2Novel genes controlling ventral cord asymmetry and navigation
of pioneer axons in C. elegans
Harald Huttera,*, Irene Wackera, Christina Schmida, Edward M. Hedgecockb
aMax-Planck-Institut fu¨r medizinische Forschung, Jahnstr. 29, 69120 Heidelberg, Germany
bJohns Hopkins University, Department of Biology, 3400 North Charles Street, 21218 Baltimore, MD 21218, USA
Received for publication 9 March 2005, revised 3 May 2005, accepted 18 May 2005
Available online 24 June 2005Abstract
The ventral cord in C. elegans is the major longitudinal axon tract containing essential components of the motor circuit. In genetic screens
using transgenic animals expressing neuron specific GFP reporters, we identified twelve genes required for the correct outgrowth of
interneuron axons of the motor circuit. In mutant animals, axons fail to navigate correctly towards the ventral cord or fail to fasciculate
correctly within the ventral cord. Several of those mutants define previously uncharacterised genes. Two of the genes, ast-4 and ast-7, are
involved in the generation of left– right asymmetry of the two ventral cord axon tracts. Three other genes specifically affect pioneer–follower
relationships between early and late outgrowing axons, controlling either differentiation of a pioneer neuron (lin-11) or the ability of axons to
follow a pioneer (ast-2, unc-130). Navigation of the ventral cord pioneer neuron AVG itself is defective in ast-4, ast-6 and unc-130 mutants.
Correlation of these defects with navigation defects in different classes of follower axons revealed a true pioneer role for AVG in the guidance
of interneurons in the ventral cord. Taken together, these genes provide a basis to address different aspects of axon navigation within the
ventral cord of C. elegans.
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Neuronal processes have to travel over large distances in
the developing embryo to reach their target areas, where
they eventually establish synaptic contacts with their target
cells. A small number of extracellular guidance cues and
their receptors have recently been identified (Dickson, 2002;
Yu and Bargmann, 2001). UNC-6/Netrin is an extracellular
protein with structural similarity to laminin. In C. elegans, it
is thought to form a gradient along the dorso-ventral axis of
the animal. It is an essential cue for cells and axons
migrating in dorso-ventral direction (Wadsworth, 2002).
UNC-6/Netrin is evolutionary conserved and plays a similar
role in the vertebrate spinal cord (Colamarino and Tessier-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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extracellular cues affecting directed outgrowth of axons
most notably at the ventral midline (Brose and Tessier-
Lavigne, 2000; Guthrie, 1999). Semaphorins and ephrins
are diverse families of proteins with members being
involved in aspects of neuronal development (Castellani
and Rougon, 2002; Orioli and Klein, 1997; Wilkinson,
2001). The small number of guidance cues identified so far
does not match the complexity of the navigational problem
faced by the large number of outgrowing axons on their way
to their targets. The rather limited defects seen in mutants of
known axon guidance cues indicate that a substantial
fraction of the genes controlling this process remains to be
identified.
The C. elegans nervous system is comparatively small
with only 302 neurons and develops in a highly stereo-
typic way, which has been described in great detail
(Sulston et al., 1983; White et al., 1986). Neuronal84 (2005) 260 – 272
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trajectories in every animal. The motor circuit in C.
elegans is one of the best described parts of the nervous
system. Interneurons as well as different classes of
motoneurons controlling distinct aspects of the movement
behaviour like forward versus reverse movement have
been functionally characterised (Chalfie and White, 1988).
Their axons run in the ventral nerve cord (VNC), the
major longitudinal axon tract. It consists of two axon
bundles, a larger one on the right side of the ventral
midline containing all but four of the ventral cord axons
and a smaller one on the left side of the ventral midline.
Cell bodies of motoneurons lie on the ventral midline
separating the two axon tracts and send processes
exclusively into the right axon tract.
Development and the final structure of the ventral cord
has been studied in some detail (Durbin, 1987; Sulston et
al., 1983; White et al., 1976, 1986). The first neuron to
extend an axon into the right ventral cord tract is the AVG
neuron (Durbin, 1987). Motoneuron and interneuron axons
follow in a distinct order. The left axon tract containing
only four axons is pioneered by the PVPR axon from the
posterior end of the ventral cord. While the PVPR axon is
essential for proper outgrowth of follower axons (Durbin,
1987), the AVG axon is not absolutely required for the
correct outgrowth of interneurons and motoneuron axons
in the right axon tract (Hutter, 2003). A few genes are
known to be required for the maintenance of the integrity
of the left ventral cord axon tract (Hobert and Bulow,
2003). In zig-4 mutants, axons flip over to the right tract
when newly hatched animals begin to move and mechan-
ical stress starts to affect the axon tracts (Aurelio et al.,
2002).
The simple anatomy of C. elegans makes it easy to
score developmental defects, and the short generation time
facilitates genetic screens. A large number of mutants with
behavioural defects have been isolated, some of which
control neuronal differentiation, axon outgrowth and
synapse formation. More recently with the development
of light microscopic markers, direct visual screens have led
to the identification of additional genes that escaped
detection in earlier screens. We initiated a study of the
genetic requirements for axon outgrowth in the ventral cord
using GFP markers to visualise neurons and their pro-
cesses. In genetic screens for mutants with defects in the
outgrowth of the command interneurons of the motor
circuit, we isolated mutations in twelve different genes, six
of which are novel and yet uncharacterised. Phenotypes
range from partial and local defasciculation within the
ventral cord to widespread axon outgrowth defects in a
large number of neurons even outside the ventral cord.
Several genes affect either pioneer–follower relationships
or the generation of ventral cord asymmetry. A number of
these mutants do not show any obvious behavioural
defects, suggesting that the motor circuit as a whole can
tolerate a certain degree of miswiring.Material and methods
Genetic screens
To visualise axons of the command interneurons of the
motor circuit, we generated transgenic animals expressing
GFP under the control of the glr-1 promoter (see below).
This reporter construct is expressed in the AVA, AVB, AVD,
AVE, AVJ neurons, all of which extend axons from cell
bodies in the head ganglia first into the nerve ring and then
further into the ventral cord. Additional head neurons
expressing this construct send their axons into the nerve
ring but stop there (Hart et al., 1995; Maricq et al., 1995). In
the tail region, expression is seen in the PVC neurons,
which also extend axons into the ventral cord. In addition,
glr-10GFP is expressed in AVG, the ventral cord pioneer.
In the ventral cord, all axons run tightly fasciculated in the
right axon tract, which facilitates scoring of outgrowth
defects. In our screens, we did not preselect animals for any
kind of behavioural defects in order to prevent any bias
towards certain phenotypes. F2 progeny of EMS mutage-
nised animals (genotype: rol-6(e187) II; rhIs4[glr-10GFP;
dpy-20(+)] III) were visually screened for misrouted axons
under the fluorescence microscope. A total of 42,000 F2
animals were screened, corresponding to 21,000 genomes
(assuming that each animal has a unique genotype and has
half of the mutagenised chromosomes in homozygous
form). EMS mutagenesis was done under standard con-
ditions (4 h in 50 mM EMS, see Wood, 1988). The rol-6
marker was introduced to ensure a ventral aspect of at least
part of the ventral cord when animals were mounted on
slides. Mutant animals were recovered and allowed to self-
fertilise to establish a mutant strain.
Phenotypic characterisation
The following promoters were used to drive GFP
expression in defined subsets of neurons. AVA, AVB,
AVD, AVE, AVJ, AVG and PVC interneurons: glr-1 (Hart
et al., 1995; Maricq et al., 1995); D-type motoneurons: unc-
47 (McIntire et al., 1997); DA/DB motoneurons: unc-129
(Colavita et al., 1998); AVG and PVP neurons: odr-2 (Chou
et al., 2001); PVQ neurons: sra-6 (Troemel et al., 1995). The
GFP coding part of the original constructs was replaced with
one of the following variants of GFP (Cubitt et al., 1995) or
DsRed (Clontechi): CFP: Y66W, N146I, M153T, V163A
(Heim and Tsien, 1996); YFP: S65G, V68A, S72A, T203Y
(Ormo et al., 1996); DsRed2: originally drFP583 (Matz et al.,
1999); insert from Clontechi vector pDsRed2. Using
standard procedures (injection of DNA to generate trans-
genic animals carrying extrachromosomal arrays followed
by UV-induced mutagenesis to create stably integrated
lines), the following strains were generated. VH15:
rhIs4[glr-10GFP;dpy-20(+)]III; VH577: hdIs22[unc-129
0CFP, unc-470DsRed2]; VH648: hdIs26[odr-20CFP,
sra-60DsRed2] III. The following strain with pan-neuro-
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was also used: NW1229: evIs111[F25B3.30GFP; dpy-
20(+)] V. Standard genetic procedures were used to generate
the strains used for mutant phenotype analysis. Images were
taken at a Leica SP2 confocal microscope equipped with an
acusto-optical beam splitter (AOBS) and the following lasers
for excitation: Ar-laser (458 nm, 476 nm, 488 nm, 514 nm);
HeNe-laser (543 nm). Images were taken using an upright
microscope stand (DM-RXE) and either a HCX PL APO
63/1.32 oil or a HCX PL APO 40/1.25 oil objective. Late
larval stage or adult animals anaesthetised with 10 mMNaN3
were used for imaging.
Mapping
Single nucleotide polymorphisms between the Bristol
and Hawaii (CB4856) wild type strains were used to map
the mutations. Complementation tests were done with
known axon guidance genes that mapped to the same
region. Details of mapping data are available upon request.
Current map positions for novel ast-genes are as follows:
ast-1(rh300) maps between SNP pkP2103 on cosmid
F54D10 and SNP snp_C34F11[2] on cosmid C34F11
corresponding to the map interval 6.3/2.0 on chr. II.
ast-2(rh308) maps between SNP pkP5065 on cosmid
F32D8 and SNP pkP5086 on cosmid R02D5 corresponding
to the map interval +2.8/+6.5 on chr. V. ast-2(rh308)
complements max-1. ast-4(rh311) maps between SNP
pkP4050 on cosmid F58H7 and the end of chr. IV
corresponding to the map interval 27.3 (end)/23.3 on
chr. IV. ast-5(rh312) maps between SNP K11H12_SNP1 on
cosmid K11H12 and SNP pkP4066 on cosmid K03H6
corresponding to the map interval 24.9/19.2 on chr. IV.
ast-6(rh313) maps between SNP pkP4081 on cosmid
K07F5 and SNP pkP4084 on cosmid M117 corresponding
to the map interval +4.4/+5.3 on chr. IV. ast-7(hd11) mapsFig. 1. Map position of novel ast genes: Several of the mutants identified in our s
Material and methods for details of the mapping).between SNP pkP2107 on cosmid T13C2 and SNP
pkP2069 on cosmid ZK666 corresponding to the map
interval +0.1/+2.5 on chr. II. Information about the SNPs
used for mapping is available via wormbase (http://
www.wormbase.org).Results
Identification of novel genes controlling various aspects of
interneuron axon outgrowth
In previous screens for mutants affecting directed axon
outgrowth, secondary defects especially behavioural defects
were used as the primary phenotype. In our screen, we
directly identified mutant animals with axon outgrowth
defects without preselecting for any other defects, allowing
an unbiased and more focused selection of mutants. We
identified mutants with phenotypes ranging from local
defasciculation of individual axons within the ventral cord
to defects affecting most if not all of the glr-10GFP
expressing neurons. A significant fraction of the mutants did
not show any penetrant movement defects and would not
have been identified in screens for animals with behavioural
defects. As expected, several of the isolated mutants are
alleles of previously identified genes. We isolated novel
alleles of unc-34, unc-71, unc-130, vab-15 and lin-11. In
addition, we identified mutations in six previously unchar-
acterised genes (Fig. 1), designed Fast_ genes for Faxonal
steering_ as well as alleles defining the zag-1 gene (Clark
and Chiu, 2003; Wacker et al., 2003).
Axon navigation defects in almost all of the mutants are
incompletely penetrant (Table 1), a phenomenon which is
frequently observed in axon guidance mutants. In the majo-
rity of the mutants, interneuron axons in the ventral cord are
defasciculated. Typically, one or more of the axons leave thecreen define novel genes based on their map position (see also Table 1 and
Table 1
Axon outgrowth defects in glr-10GFP expressing interneurons in ast-mutants
Allele Map pos. % animals with defects No. of animals Other defects (glr-10GFP) Phenotype
Total v.c. def.a lat. axonb v.c. asym.c
Wild type 7 3 2 3 n = 100
zag-1(rh315) IV: 2.0 90** 27** 80** 6 n = 100 Ectopic expression Unc
ast-1(rh300) II: 6.3/2.0 73** 39** 43** 8 n = 105
ast-1(hd1) II: 6.3/2.0 64** 39** 30** 2 n = 100
ast-2(rh308) V: +2.8/+6.5 31** 20** 12* 2 n = 124 Axons leave ventral cord and
extend laterally
ast-4(rh311) IV: 27.3/23.3 19* 14* 1 10 n = 154
ast-5(rh312) IV: 24.9/19.2 36** 18** 17** 5 n = 164
ast-6(rh313) IV: +4.4/+5.3 51** 42** 7 1 n = 106 Ectopic expression, cell bodies
misplaced
ast-7(hd11) II: +0.1/+2.5 49** 39** 8 14* n = 104 Unc
unc-34(rh298) V: 20.0 90** 35** 71** 16** n = 118 No expression in AVG; cell
bodies misplaced
Unc
unc-34(e566)d V: 20.0 66** 23** 52** 13* n = 114 Unc
unc-71(rh296) III: +18.7 18* 11 5 2 n = 101 Unc
unc-71(e541)d III: +18.7 6 5 1 0 n = 100 Unc
lin-11(rh299) I: +4.8 37** 33** 3 5 n = 102 Egl
lin-11(rh309) I: +4.8 64** 61** 0 6 n = 102 Egl
lin-11(n389)d I: +4.8 54** 50** 7 2 n = 100 Egl
unc-130(hd12) II: +3.4 32** 14* 19** 3 n = 100 Cell bodies misplaced Unc
vab-15(hd10) X: +1.7 33** 31** 8 1 n = 100 PVC axons extend laterally Unc, Vab
vab-15(u781)d X: +1.7 50** 43** 9 4 n = 100 PVC axons extend laterally Unc, Vab
a Ventral cord midline crossing defects.
b Axons extending laterally.
c Axons fail to cross into the right axon tract at the anterior end of the ventral cord.
d Reference allele.
* P < 0.05 (v2 test).
** P < 0.01 (v2 test).
H. Hutter et al. / Developmental Biology 284 (2005) 260–272 263right axon tract and cross the ventral midline to extend in the
left axon bundle (Fig. 2B). In many cases, axons cross back
after some distance, although they also occasionally stay on
the left side until they reach the tail region. Crossing back and
forth between axon tracts can occur repeatedly in one animal.
Cross-overs seem to be individual errors that can occur at any
position along the ventral cord. The unc-71 allele isolated in
our screen unc-71(rh296) has moderate cross-over defects
comparable to the reference allele unc-71(e566) (see Table 1).
Unc-71 is also known to affect motoneuron axon guidance
and sex myoblast migration and encodes an ADAM type
metalloprotease (Huang et al., 2003).
In a number of mutants, most notably zag-1 and unc-34
mutants, individual axons are found to extend erroneously
in various lateral positions and do not extend into the ventral
cord (Table 1, Fig. 2D). In some cases, these axons grow
posteriorly from the cell body rather than anteriorly towards
the nerve ring. In other cases, however, axons seem to
correctly enter the nerve ring but then use inappropriate exit
points to extend posteriorly in lateral positions rather than
leave the nerve ring on its ventral side to continue into the
ventral cord.
Axons travelling along the left side of the nerve ring
cross over to the right side upon reaching the ventral cord in
wild type (Fig. 2E). In ast-4, ast-7 and unc-34 mutants, one
or more glr-10GFP expressing axons fail to do this and
extend into the left ventral cord tract (Table 1, Fig. 2F).Neuronal cell bodies are misplaced in ast-6, unc-34 and
unc-130 mutants (Fig. 2G), suggesting that these genes not
only affect directed axon outgrowth. Unc-34 encodes a
member of the Ena/VASP family of cytoskeleton associated
proteins implicated in slit signalling via the sax-3/Robo
receptor (Yu et al., 2002). Finally, ast-6 and zag-1 mutants
ectopically express the glr-10GFP marker itself, indicating
that the primary defect might be a more general neuronal
differentiation defect.
Ast genes affect navigation of motoneuron axons and
commissures
We used several other GFP markers to find out whether
axonal defects in ast mutants are limited to the glr-10GFP
expressing interneurons. We found D-type motoneuron
axons extending erroneously in the left VNC in ast-2, ast-
4, ast-6, vab-15 and unc-130 mutants (Table 2, column 8).
DA and DB motoneurons had similar defects only in ast-4,
ast-6 and vab-15 mutants (Table 2, column 9). Defects are
at most 36% penetrant, and D-type motoneurons are
generally more frequently affected than DA/DB motoneur-
ons. Motoneuron cell bodies are misplaced in ast-6 mutants
and found outside the ventral cord (Fig. 3F).
Motoneurons innervating dorsal body wall muscle also
send commissures circumferentially towards the dorsal cord.
In ast-5, ast-6, ast-7, vab-15 and unc-130 mutants, one or
Fig. 2. Neuronal defects scored with the glr-10GFP marker. (A–B)
Ventral cord, ventral view, anterior to the left. (A) In a wild type animal,
axons run tightly fasciculated in the right axon tract. (B) In an ast-4(rh311)
mutant animal axons repeatedly cross the ventral midline and extend in the
left axon tract (arrowheads). (C–D) Head region, side view. (C) Wild type.
(D) In unc-34(rh298) mutants, several axons do not reach the ventral cord
and extend in lateral positions instead (arrowheads). (E–G) Head region,
ventral view. (E) Wild type. (F) In ast-4(rh311) mutants, some interneuron
axons fail to cross into the right axon tract and extend in the left tract
(arrowheads). (G) In ast-6(rh313) mutants, several neuronal cell bodies are
misplaced (arrows). Scale bars, 20 Am.
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(Table 2, column 13). Whereas in vab-15 and unc-130
mutants, every animal is affected, commissure defects are
much less penetrant in the other mutants. Commissures ofexcitatory motoneurons (DA/DB) were largely unaffected in
all isolated mutants with the exception of vab-15 and unc-
130 (Table 2, column 15).
The direction of commissure outgrowth in wild type either
along the right or along the left side of the body is invariant for
any given motoneuron, that is, commissures grow stereo-
typically and reproducibly on the same side. In ast-4, ast-6,
ast-7, vab-15 and unc-130 mutants, DD/VD commissures
often extend along the wrong side towards the dorsal cord
(Table 2, columns 12). DA/DB commissures are affected in
ast-2, ast-4, ast-6, ast-7, vab-15 and unc-130 mutants (Table
2, columns 14). The dorsal cord itself, where motoneuron
axons normally are tightly fasciculated, is defasciculated in
ast-4, ast-6, ast-7, vab-15 and unc-130 mutants (Table 2,
column Fig. 3B). These results show that axon guidance
defects in the isolated mutants are not limited to interneurons.
Ast genes affect pioneer axon outgrowth (ast-4, ast-6) or
disturb pioneer–follower relationships (ast-2)
The AVG pioneer does not seem to use any of the known
axon guidance signals (Hutter, 2003), and we are rather
ignorant about the molecular requirements for its correct
navigation. Four of the mutants isolated in our screen, ast-4,
ast-6, vab-15 and unc-130, show AVG axon outgrowth
defects in a small but significant fraction of mutant animals
(Table 2, column 5). In most cases, the AVG axon initially
extends in the right axon tract but switches into the left axon
tract before reaching the posterior end of the ventral cord.
Frequently, it corrects its error and switches back into the
right axon tract. Sometimes, the AVG axon even crosses
back and forth repeatedly between right and left axon tracts.
In a few cases, the AVG axon extends from the cell body
directly into the left axon tract and stays there. Differ-
entiation of the ventral cord pioneer AVG is controlled by
the LIM-homeobox transcription factor lin-11 (Hutter,
2003). One consequence of this differentiation defect in
lin-11 mutants are secondary axon pathfinding defects most
notably in glr-10GFP expressing interneurons. We isolated
two novel alleles of lin-11 in our screens. Lin-11(rh309)
resembles the null allele lin-11(n389) in its penetrant Egl-
phenotype as well as in its axon outgrowth defects (Table 1).
Lin-11(rh299) appears to be a partial loss-of-function allele
since it shows much weaker defects for both aspects of the
phenotype. The molecular nature of these mutations
currently is not known. Lin-11 mutants show the highest
penetrance of ventral cord defects in the glr-10GFP
expressing interneurons of all the mutants isolated (Table
1), suggesting that the AVG pioneer is the single most
important guidance cue for these axons.
The PVPR axon pioneers the left ventral cord axon tract
from the posterior end. There is a strict dependency of the
later outgrowing PVQL axon on the PVPR pioneer since
PVQL axons extend in the right axon tract in the absence of
PVPR (Durbin, 1987). Ast-2 mutants show a unique
phenotype, where this pioneer–follower relationship is
Table 2
Axon outgrowth defects in ventral and dorsal cord in ast-mutants
Column
allele
% animals with defectsa
Right v.c. axon tract Left tract Commissures
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
v.c.
asym.b
v.c.
cross-overc
Left v.c.
def.d
d.c.
def.e
AVGf PVPLf PVQRf DD VDf DA DBf PVPRf PVQLf DD VD
sideg
DD VD
outgr.h
DA DB
sideg
DA DB
outgr.h
Wild type 0 0 4 5 0 1 1 9 0 11 11 17 21 8 0
ast-2(rh308) 0 29** 25** 0 1 0 26** 22* 1 77** 85** 21 25 37** 0
ast-4(rh311) 10** 45** 80** 49** 8* 8* 10* 24** 13** 90** 92** 48** 19 21* 1
ast-5(rh312) 0 17** 2 7 1 0 1 4 0 75** 61** 27 35* 5 0
ast-6(rh313) 4 68** 48** 21** 8* 10* 10* 36** 8* 89** 92** 86** 46** 37** 6*
ast-7(hd11) 12** 29** 5 21** 3 0 1 17 1 32** 32** 76** 57** 72** 3
unc-130(hd12) 0 35** 13 43** 8* 0 0 34** 5 22 22 69** 100** 60** 100**
vab-15(hd10) 11** 17** 27** 56** 9** 0 n.d.i 34** 7* 47** n.d.i 94** 100** 71** 100**
vab-15(u781) 5 16** 20** 60** 3 1 n.d.i 27** 7* 48** n.d.i 90** 100** 80** 100**
a n = 100–105 for each data point; markers used: evIs111 (v.c. asym, v.c. crossover, left v.c. def., d.c. def.), hdIs22 (DA/DB and DD/VD), hdIs26 (AVG,
PVP, PVQ).
b Axons fail to cross into the right axon tract after exiting the brain (see Fig. 3D).
c Ventral cord midline crossing defect.
d Fewer or no axons in the left axon tract (see Fig. 3E).
e Dorsal cord defasciculation (see Fig. 3B).
f Ventral cord midline crossing defects.
g Commissure outgrowth on the wrong side (left vs. right).
h Commissures not reaching the dorsal cord.
i Marker is not expressed in PVQ neurons in these mutants.
* P < 0.05 (v2 test).
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frequently extends independently of the PVPR axon. Even
in animals, where PVP axons grow out normally, PVQ
axons are found to cross back and forth between left and
right axon tracts or even to leave the ventral cord and extend
in lateral positions (Table 2, column 7, 11: Figs. 4A–C).
Occasionally, PVQ axons stall and fail to extend all the way
to the nerve ring (Figs. 4D–F). This phenotype is never seen
in PVP or any of the other axons scored in ast-2, indicating
that the primary defect probably is in the PVQ axons, which
specifically loose the ability to navigate properly.
The ventral cord pioneer AVG guides interneuron axons
within the ventral cord
We used ast-4, ast-6 and unc-130 mutants, where the
AVG pioneer itself is misguided, to analyse whether
follower axons strictly depend on the pioneer. To this end,
it was examined whether follower axons cross over into the
left axon tract together with the AVG axon (Table 3,
Fmidline crossing_). In addition, we scored whether or not
all neurons of a particular class were found in the left axon
tract in regions of the animal, where the AVG axon was in
the left tract (Table 3, Fall axons left_). This analysis was
done independently in ast-4(rh311), ast-6(rh313) and unc-
130(hd12). In up to 93% of the animals where the AVG
axon switches into the left axon tract, interneuron axons
follow and cross over at the same point (Table 3, Fmidline
crossing_, Figs. 5E–H). Frequently, the majority or even allof the interneuron axons follow the AVG axon. In a minority
of the animals, interneuron axons continue in the right axon
tract despite AVG crossing into the left tract, indicating that
they have additional information which can override signals
provided by the misguided pioneer. The situation is some-
what different in the case of the excitatory (DA/DB) and
inhibitory (DD/VD) motoneurons. Here, motoneuron axons
follow the misguided AVG pioneer only in a minority of the
animals. The percentage, however, still is high enough to
suggest a partial follower-relationship between pioneer and
motoneuron axons (Table 3). In contrast, PVP and PVQ
axons, which extend from the posterior end of the ventral
cord towards the nerve ring, hardly ever follow the AVG
axon in crossing the ventral midline. The PVPR and PVQL
axons extend in the left axon tract and normally do not
encounter the AVG axon, which runs in the right axon tract.
In animals, where the AVG axon switches into the left axon
tract, we only occasionally find PVPR/PVQL crossing into
the right tract at the very same point, indicating some
attraction to the AVG axon.
When the second criterion (are all axons on the left side
in regions where AVG is on the left side) is used, the
correlation of defects is stronger for all neuron classes
examined. In ast-4(rh311) mutants, interneuron as well as
excitatory and inhibitory motoneuron axons are found on
the same side as AVG in almost all animals (Table 3, Figs.
5N, V). Corresponding values for PVP and PVQ axons are
lower, but still around 60%. In ast-6(rh313) mutants, the
correlation is weaker for interneuron axons and DD/VD
Fig. 3. Neuronal defects scored with a pan-neuronal GFP marker. (A–B) Dorsal cord, anterior to the left. (A) In wild type animals, the dorsal cord is tightly
fasciculated. (B) In ast-4(rh311) mutant animals, the dorsal cord is severely defasciculated. (C–F) Ventral cord, anterior to the left. (C) In wild type animals, the
ventral cord is asymmetrical with almost all axons running in the right tract. Motoneuron cell bodies are located between left and right axon tracts. (D) In some ast-
4(rh311) mutant animals, the ventral cord is symmetrical with half the axons running in the left and right tracts, respectively. (E) Occasionally, in ast-4(rh311)
mutant animals, all axons run in the right axon tract. (F) In ast-6(rh313) mutants, motoneuron cell bodies are misplaced and found in lateral positions close to the
ventral cord (arrows). Scale bars, 20 Am.
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classes are still found in the right tract in essentially all
animals, even in regions where AVG was in the left tract
(Figs. 5A–D, I–L, Q–T). Frequencies of common cross-
over are significantly reduced for interneuron axons,
suggesting that pioneer–follower relationships are dis-
turbed in this mutant.
Ventral cord asymmetry is lost in ast-4 and ast-7 mutants
Two of the genes isolated in this screen affect ventral
cord asymmetry. The ventral cord is highly asymmetrical
with almost all axons running in the right axon tract. Little is
known about how this asymmetry is generated. Ast-4(rh311)
and ast-7(hd11) mutants show a symmetrical ventral cord
with about half of the axons running in each of the two
tracts with a low but significant penetrance (Table 2, column
1). In such animals, axons exiting the nerve ring on the left
side stay on the left side rather than crossing over into the
right axon tract at the anterior end of the ventral cord (Fig.
3D). Typically, these axons stay in the left axon tract for its
entire length leading to a completely symmetrical appear-
ance of the ventral cord. This phenotype is somewhat
reminiscent of defects also seen in nid-1 mutants (Kim and
Wadsworth, 2000). It suggests that ast-4 and ast-7 are part
of a potentially extracellular signalling system setting up
ventral cord asymmetry in C. elegans. Table 4 summarises
the various phenotypes of the novel ast-genes.Discussion
Transcription factors controlling neuronal differentiation
and directed axon outgrowth
Transcription factors controlling the differentiation of
mechanosensory neurons (mec-3), motoneurons (e.g. unc-3,
unc-4 or unc-30) or interneurons (e.g. unc-42) have been
identified in behavioural screens for animals showing
movement defects (Brockie et al., 2001; Duggan et al.,
1998; Jin et al., 1994; Miller et al., 1992; Prasad et al.,
1998). More recently, transcription factors have also been
identified in screens for mutants defective in the outgrowth
of particular classes of axons (Much et al., 2000). Two of
the novel genes identified in our screens also encode
transcription factors. Zag-1 shows severe axon outgrowth
defects of glr-10GFP expressing interneurons as well as
ectopic expression of neuronal markers (Clark and Chiu,
2003; Wacker et al., 2003). It encodes a zinc-finger
homeobox transcription factor transiently expressed in a
large number of postmitotic neurons during their differ-
entiation. Recently, we could show that ast-1 encodes a
transcription factor of the ETS-box family (Schmid and
Hutter, unpublished). Other mutants, in particular ast-
6(rh313), which also has pleiotropic effects on neuronal
differentiation like misexpression of GFP markers in
addition to axon outgrowth defects, could also encode a
transcription factor controlling neuronal differentiation.
Fig. 4. PVQ axon outgrowth defects in ast-2(rh308) mutants. (A–C) ast-2(rh308) mutant animal, where PVQ axons grow out independently of the PVP
pioneer. (A) Normal outgrowth of PVP axons labeled with odr-20CFP. (B) PVQ axons labeled with sra-60DsRed. (C) Overlay, arrowheads point to PVQ
H. Hutter et al. / Developmental Biology 284 (2005) 260–272 267We isolated two novel alleles of lin-11, a LIM-homeobox
transcription factor controlling differentiation of several
types of sensory neurons (Hobert et al., 1998; Sarafi-
Reinach et al., 2001), as well as of the ventral cord pioneer
AVG (Hutter, 2003). The ventral cord defects in lin-11
mutants resemble defects seen after laser ablation of the
AVG neuron, suggesting that they are secondary defects due
to the absence of the pioneer. AVG specific markers are no
longer expressed in lin-11 mutants, suggesting that lin-11
indeed controls the differentiation of this ventral cord
pioneer neuron (Hutter, 2003). Lin-11 mutants were
originally isolated as having egg-laying defects due to
defects in larval lineages required for vulva differentiationTable 3
Correlation between AVG pioneer outgrowth defects and errors of follower axon
Neuron ast-4(rh311) as
% midline
crossinga
% all axons
leftb
%
cro
PVP/PVQ(sra-60DsRed) 24 (n = 38) 60 (n = 38) 18
Interneurons(glr-10GFP) 93 (n = 38) 84 (n = 38) 77
DD/VD(unc-470GFP) 2 (n = 28) 93 (n = 28) 37
DA/DB(unc-1290GFP) 19 (n = 27) 96 (n = 27) 48
a Axons crossing over together with AVG (see Figs. 5E–H).
b All follower axons growing on the left side together with the AVG axon (see(Freyd et al., 1990). The observation that the two lin-11
alleles isolated in our axon guidance screens also show egg-
laying defects suggests that these two independent functions
of lin-11 are difficult to separate genetically.
In addition, we also identified novel alleles of vab-15
and unc-130, again transcription factors controlling neuro-
nal differentiation. Unc-130 encodes a forkhead transcrip-
tion factor required for the correct differentiation of certain
sensory neurons (Sarafi-Reinach and Sengupta, 2000). In
addition, it has been shown to be required for the graded
expression of the UNC-129 TGF-h guidance signal (Nash
et al., 2000). Unc-129 is ectopically expressed by ventral
muscle cells in unc-130 mutants leading to defects in thes
t-6(rh313) unc-130(hd12)
midline
ssinga
% all axons
leftb
% midline
crossinga
% all axons
leftb
(n = 22) 59 (n = 22) 15 (n = 34) 0 (n = 34)
(n = 22) 55 (n = 22) 56 (n = 34) 0 (n = 34)
(n = 27) 52 (n = 27) 0 (n = 27) 0 (n = 27)
(n = 27) 93 (n = 27) 19 (n = 27) 7 (n = 27)
Figs. 5M–P, U–V).
Fig. 5. Correlation between AVG defects and defects of various follower axons. All panels show aspects of the ventral cord with anterior to the left. Panels in
the left column show defects in unc-130(hd12) mutants, panels in the right column show defects in ast-4(rh311) mutants. Examples of unc-130(hd12) mutants
where neither interneuron axons (panels A–D) nor DD/VD axons (panels I–L) nor DA/DB axons (panels Q–T) follow the AVG axon crossing the ventral
midline (see also Table 3 for frequencies of these phenotypes). In contrast, in ast-4(rh311) mutants, interneurons frequently follow the AVG axon (E–H). DD/
VD axons (M–P) and DA/DB axons (U–X) are predominantly found in the left axon tract, where AVG also is in the left axon tract. Neither PVP nor PVQ
axons typically follow an AVG axon crossing the midline in any of the mutants (C, G, K, O, S, W). Markers used are: odr-20CFP labels PVP axons (weak)
and the AVG axon (bright) in panels (A), (E), (I), (M), (Q) and (U). sra-60DsRed labels PVQ axons in panels (C), (G), (K), (O), (S) and (W). glr-10GFP
labels interneurons in panels B and F. unc-470GFP labels DD and VD motoneurons in panels (J) and (N). unc-1290GFP labels DA and DB motoneurons in
panels (R) and (V). Panels (D), (H), (L), (P), (T) and (X) are overlays. Arrowheads point to the position where a misguided AVG axon crosses the ventral
midline. Scale bars, 20 Am.
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al., 2000). In addition to these defects, we also find
outgrowth defects of interneurons and motoneurons within
the ventral and dorsal cords as well as a small but
significant number of animals with defects in the ventral
cord pioneer AVG. These defects could also be due to
ectopic expression of the UNC-129 guidance cue in ventral
regions where it normally is not expressed. Alternatively,
the defects could be due to differentiation defects of the
neurons displaying outgrowth defects. The observation thatpioneer–follower relationships between AVG and inter-
neurons as well as motoneurons are disturbed in unc-
130(hd12) mutants suggests a primary defect in AVG.
However, AVG specific markers are still expressed in unc-
130 mutants, and ventral cord defects are significantly
weaker than defects in lin-11 mutants, where AVG has lost
its ability to act as pioneer. This argues for a partial
differentiation defect of AVG in unc-130 mutants rather
than a complete failure to differentiate properly. Vab-15
mutants were originally identified in a screen for genes
Table 4
Phenotypic classes of ast mutants
Gene Phenotype
Interneuron
axon defectsa
Motoneuron
axon defectsb
Symmetrical
ventral cordc
Pioneer navigation
defectsd
Pioneer– follower
defectse
Neuronal differentiation
defectsf
ast-1 x
ast-2 x x x
ast-4 x x x x
ast-5 x
ast-6 x x x x
ast-7 x x
zag-1 x x x
a Ventral cord midline crossing defects of glr-10GFP expressing interneurons.
b Ventral cord midline crossing defects of embryonic motoneurons.
c Animals with half of the axons extending in the left ventral cord axon tract.
d AVG (pioneer) ventral cord midline crossing defects.
e PVQ (follower) axon navigation defects independent of PVP (pioneer) defects.
f Ectopic expression of neuronal markers like glr-10GFP.
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vab-15 mutants were shown to be defective in touch cell
differentiation (Du and Chalfie, 2001). In addition, they
display a variety of developmental defects leading to
embryonic and larval arrest phenotypes. Surviving animals
are uncoordinated and show variable morphological defor-
mations, in particular in the posterior part of the body (Du
and Chalfie, 2001). The vab-15(hd10) mutant isolated in
our axon guidance screen shows the same range of
phenotypes. Some of the axon outgrowth defects in vab-
15 mutants in particular in the tail region could be
secondary due to morphological defects in the hypodermis.
However, head morphology in vab-15 mutants is not
significantly disturbed, and axon outgrowth defects in this
part of the animal are probably due to defects in the neurons
themselves. Vab-15 was shown to encode an msh-type
homeodomain protein which is expressed in a number of
different tissues including neurons (Du and Chalfie, 2001).
This observation together with the fact that vab-15 controls
differentiation of touch neurons supports the idea that vab-
15 controls some of the genes regulating directed axon
outgrowth of various classes of neurons of the motor circuit.
The fact that we isolated several transcription factors in
screens for axon guidance mutants suggests that the
transcriptional control of components of guidance signal
transduction pathways is a prominent aspect in the control
of axon navigation. Certain guidance signals like UNC-6/
Netrin are bifunctional, acting either as attractant or as
repellent. The response depends on the kind of receptor
expressed by the neuron, and targeted misexpression of an
UNC-6/Netrin receptor in C. elegans leads to a dramatic
reorientation of axon outgrowth in dorso-ventral direction
(Hamelin et al., 1993). Members of the IgCAM family of
adhesion molecules in vertebrates are differentially
expressed on different parts of the axons. Upon reaching
a particular intermediate target, expression of one IgCAM
is downregulated, whereas expression of other IgCAMs is
upregulated (Dodd et al., 1988). For all the above citedexamples as well as in most other cases, it is entirely
unclear how the tight temporal and spatial control of the
expression of axon guidance receptors and cell adhesion
molecules is achieved. The identification of novel tran-
scription factors in our screens may shed light on the
regulation of these events.
The importance of pioneers for the correct outgrowth of
follower axons
Pioneer neurons are the first neurons to send out axons
in the developing embryo. They establish an initial set of
axon tracts and are thought to have unique pathfinding
abilities providing important signals for the outgrowth of
follower axons. In the ventral cord of C. elegans, the major
axon tract on the right side is pioneered by the AVG axon
from the anterior end, whereas the left axon tract is
pioneered by the PVPR axon from the posterior end
(Durbin, 1987). Elimination of both pioneers has conse-
quences for the outgrowth of follower axons. Upon
elimination of PVPR, no left axon tract is formed, and
follower axons extend in the right axon tract instead
(Durbin, 1987). After removal of AVG, the right ventral
cord axon tract becomes somewhat disorganised, and axons
cross over into the left tract. However, the overall
asymmetry with the majority of the axons in the right tract
is not disturbed in the absence of AVG (Hutter, 2003). A
more detailed analysis showed that follower axons fre-
quently are able to navigate correctly in the absence of the
AVG pioneer and commit outgrowth errors in only about
one third of the animals, where AVG was eliminated
(Hutter, 2003). This indicates that follower axons in
principle can navigate correctly even in the absence of
the pioneer. However, the pioneer seems to provide
additional information to ensure that every single axon
stays in the right axon tract. On the other hand, none of the
mutants isolated in our screen has more penetrant ventral
cord defects in glr-10GFP expressing interneurons
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function. This suggests that the AVG pioneer is the single
most important guidance cue for these axons.
Elimination of the pioneer, however, does not directly
address the question of whether or not later outgrowing
axons follow the pioneer. It rather tells us something about
the presence of additional cues independent of the pioneer.
The question of pioneer–follower relationship ideally is
addressed in a scenario where the pioneer itself is misguided
so that follower axons have a choice of following the
misguided pioneer or extending along their normal path.
None of the known axon guidance mutants significantly
affect the outgrowth of the AVG pioneer. So far, this
prevented an analysis of the relationship between the
pioneer AVG and the different classes of follower axons
in the right axon tract. Three of the mutants isolated in our
screen (ast-4(rh311), ast-6(rh313) and unc-130(hd12)),
however, show a low frequency of AVG pathfinding defects
(Table 2, column 5). Using strains expressing multi-color
GFP markers in different classes of neurons, it was possible
to correlate outgrowth defects of various follower axons
with primary AVG outgrowth defects. Glr-10GFP express-
ing interneuron axons were found to follow an AVG axon
crossing into the left axon tract with a frequency of 56% to
93%, depending on the mutant analysed. This number is
significantly higher than the fraction of axons committing
errors in the absence of AVG (37%, see Hutter, 2003),
suggesting that AVG indeed has an important pioneer
function for these interneurons. This seems to be partially
masked in the absence of the pioneer by redundantly acting
cues. In mutant animals where the AVG axon extends in the
left axon tract, DA/DB as well as DD/VD motoneuron
axons are predominantly also found in the left axon tract.
This suggests that AVG provides essential cues to distin-
guish left and right axon tracts. Alternatively, a general
guidance signal could be affected that is used independently
by AVG and motoneuron axons for their navigation. The
observation that sometimes motoneuron axons cross the
midline together with the AVG axon, however, argues for a
direct role of the AVG axon in providing at least some left–
right information for motoneuron axons in the ventral cord.
PVPL and PVQR axons, which normally extend in the right
axon tract, are also found in the left axon tract together with
the AVG axon, although less frequently than glr-10GFP
expressing interneurons. Common cross-overs in this case
are also less frequently observed, suggesting that the PVP/
PVQ axons are only partially dependent on AVG.
Several mutants are available where the pioneer of the
left ventral cord axon tract (PVPR) is misguided. In all those
mutants, the PVQL axon strictly follows the PVPR axon
wherever it grows, indicating a strict dependency of the later
outgrowing axon on the earlier outgrowing one (Hutter,
2003). This pioneer–follower relationship is specifically
disrupted in ast-2(rh308) mutants, where PVQ axons
commit guidance errors even in animals where PVP axons
grow out perfectly normal. In animals where both neuronsshow outgrowth errors, they seem to navigate independ-
ently, suggesting that either PVP axons do not express
relevant guidance signals or that PVQ axons cannot respond
to these signals correctly. The observation that PVQ axons
also frequently stall and fail to complete their outgrowth
indicates that the primary defect most likely is in the PVQ
neurons.
Left–right asymmetries at the ventral midline
The nervous system in C. elegans shows an overall
bilateral symmetry with some notable exceptions (for a
review, see Hobert and Bulow, 2003). The ventral cord, the
major longitudinal axon tract is asymmetrical with the
majority of the axons in the right axon tract. In part, this is
due to interneuron axons crossing over to the right axon tract
upon entering the ventral cord at the anterior end. This
requires left–right positional information specifically at the
anterior end of the ventral cord. The asymmetry is further
enhanced when motoneuron axons exclusively grow into the
right axon tract from cell bodies which are located all along
the ventral midline. In this case, positional information is
required along the entire length of the ventral cord. The
pioneer AVG apparently does not provide information for
interneuron axons entering the ventral cord since these axons
switch over to the right tract even in animals, where AVG is
eliminated (Hutter, 2003). A symmetrical ventral cord due to
a failure of interneuron axons to cross into the right axon tract
so far has only been found in nid-1 mutant animals (Kim and
Wadsworth, 2000). nid-1 encodes the only Nidogen in C.
elegans, a component of the basement membrane, which is
enriched underneath axon tracts (Kim andWadsworth, 2000).
Nidogen itself is not asymmetrically distributed, suggesting
that it is not the primary source of left–right information.
With its multimodular structure and its ability to bind
multiple other ECM components, nidogen rather seems to
be a molecule which binds and differentially localises one or
more cues providing positional information. Two of the genes
isolated in our screens ast-4(rh311) and ast-7(hd11) share the
symmetrical ventral cord phenotype with nid-1 mutants.
They could encode these unknown signals embedded in the
basement membrane. Future molecular characterisation of
these genes will provide more information on how the ventral
cord asymmetry is established.
Several mutants from our screens (ast-2(rh308), ast-
4(rh311) , ast-6(rh313) , vab-15(hd10), unc-130(hd12))
show erroneous outgrowth of motoneuron axons in the left
axon tract. Typically, only individual neurons are affected,
and these defects never lead to a completely symmetrical
situation. Interestingly, early outgrowing DD motoneurons
are always more frequently affected than the later out-
growing DA/DB motoneurons, suggesting that later out-
growing axons have additional or different cues available
for their orientation.
DA and DB motoneurons send out two neuronal
processes, a dendrite into the right axon tract of the ventral
H. Hutter et al. / Developmental Biology 284 (2005) 260–272 271cord and a commissural axon that first extends circum-
ferentially towards the dorsal cord and then further into the
dorsal cord. In a number of mutants, individual commis-
sures grow along the wrong side of the body towards the
dorsal cord. This confusion of the left and right side by
commissural axons is not at all correlated with the direc-
tional outgrowth of the dendrite within the ventral cord.
Typically, the dendrite still grows out correctly in the right
axon tract, even when the axon of the same neuron extends
erroneously on the wrong side of the body. D-type
motoneuron commissures form as a branch from the process
extending in the right VNC. Motoneuron processes extend-
ing in the left axon tract generally have commissures
extending erroneously on the left side as well. However,
left-sided commissures also originate from processes which
are in the right axon tract, indicating that directional
outgrowth of commissures is not simply a consequence of
initial process outgrowth (right versus left). This suggests
that even different neuronal processes of the same neuron
use different cues to distinguish left from right and that there
is no global left–right information system. Interestingly, the
commissures always leave the ventral cord at approximately
the normal position along the anterior–posterior (a–p) axis,
indicating that a–p information is provided independently
of left–right information.
Consequences of axon outgrowth defects for the function of
the motor circuit
In almost all previous screens for genes controlling
neuronal differentiation mutant animals were preselected on
the basis of behavioural, most frequently locomotory
defects. This greatly facilitated screening of a large number
of animals but introduced an obvious bias towards mutants
showing (strong) behavioural defects. In our screens, we
avoided this bias by directly screening for animals with
visible axon outgrowth defects. The simple pattern of tightly
fasciculated interneuron axons in the ventral cord allowed
us to isolate even mutants with rather subtle fasciculation
defects in the ventral cord. Most of the mutants we isolated
have significant outgrowth defects in one or more classes of
neurons which are part of the motor circuit. Nevertheless,
many of them do not show severe movement defects.
Consequently, they could not possibly have been isolated in
previous screens for Funcoordinated_ mutants. The observa-
tion that not every axon outgrowth defect within the motor
circuit leads to locomotory defects suggests that the motor
circuit in C. elegans can tolerate a certain degree of
miswiring. Even lin-11 mutants having the most severe
defects in the command interneurons of the motor circuit are
only slightly uncoordinated in their movement, suggesting
that misguided axons either still find (at least part of) their
synaptic partners or that the circuit can be disrupted to a
certain extent without serious functional consequences. The
mutants identified in our screens provide a basis to explore
this aspect further and to establish a link between devel-opmental defects and functional consequences for neuronal
circuit formation.Acknowledgments
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